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PRELIMINARY THEORETTICAL INVESTIGATION OF SEVERAL, METHODS
FOR STABILIZING THE LATERAT, MOTION OF A HIGH-SPEED
FIGHTER ATRPLANE TOWED BY A SINGLE CABLE

By Albert A. Schy and Carroll H. Woodling
SUMMARY.

A preliminsry theoretical investigation of the lateral stabllity
of & towed high-speed fighter alrplene has been carried out. The gnal-
ysils was conducted for s fighter crulsing at supersonlc speed at an alti-
tude of 50,000 feet. For the basiec towing configuration, a 1,000-foot
cable was assumed %o be attached to the nose of the fighter. Motions
were calculated from lsteral equations of motion which had been devel-
oped by other investigators on the assumption that the dynamics of the
towing eirplaene and cable could be ignored.

The motion of the baslic case 1s shown to have a highly unstable
oscillation caused by the towline restraint. Thls preliminary investi-
gation shows that the configuretion mey be stabllized both by choosing
the right position for the towline connection and by several types of
auvtomatic controls. The gutomatic controls are assumed to have no lags.

Motions are calculated for various modifications of the basic case.
Two methods of stabilization are presented which show promise of being
practical. Both methods require asutomatic control. One type provides
g side force and yawing moment proportional to sidewise veloclty or
sidewise acceleration or both; the other type provides a rolliing moment
proportional to angle of bank. Although the methods investigated herein
for obtaining stabllity by adJustment of the towllne parameters are
shown to be impractical, the possibllity of obtaining practicel sta-
bility by adjustment of towline parameters is not dismissed.

INTRODUCTION

The possibility of & supersonic or transonic bomber's towing a
high-speed fighter airplane has been suggested as a means of increasing
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the range of the fighter. Previous investigations into the stability of
towed gliders have shown, however, that latersl stability is difficult
to obtain for towed ailrcraft (see refs. 1 and 2). The present paper is
an exploratory theoretical investigation of possible methods for sta-
bllizing the laterel motion of a fighter towed by a single towline,

The theoretical anslysis of the stability of towed gliders pre-
sented in references 1 and 2 assumes that the disturbance of the motion
of the towing alrplane and the dynamic characteristics of the towlng
cable may be ignored. This assumption is also valid in the present
case because of the small weight of the fighter relative to the
towlng bomber. The dynamics of the bomber and the towlng cable should
therefore be relatively unimportant if the lateral motion of mneither
the bomber nor the cable has a characteristic oscillation whose
period is close to the period of a characterlistic lateral oscillation
of the towed fighter. Thus, in most cases the approximations used
in references 1 and 2 are justifiable. Since these approximations
greatly simplify the analysis, the equations of motion for a towed
alrplane which are derived in references 1 and 2 are used in thls paper.

SYMBOLS

The forces and moments are referred to the stability axes. (See
fig. 1.) :

] angle of bank, deg or radians

¥ angle of yaw, deg or radians

B angle of sideslip, deg or radlans

B deflection of control surface, deg or redilans

¥ angle of flight-path inclination, deg or radians
v airspeed, ft/sec

o mass density of air, slugs/cu ft

a dynamic pressure, %pvz, 1b/sq ft

b wing span, ft

S wing area, sq ft
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weight of airplane, 1b

mass of alrplene, W/g, slugs
acceleration due to gravity, £t/sec2
relative-density factor, m/pr

angle of attack of reference axls with respect to fiight
path, deg or radians

angle between reference axis and principel axis, positive
when reference axis 1s sbove principal axis, deg or radians

inclination of principal longitudinal axis of alrplane with
respect to flight path, posltive when principal axis 1is
ghove flight path at the nose, o - ¢, deg or radians

radius of gyration in roll sbout principal longitudinal
axis, ft

redius of gyration in yaw sbout principal vertical axls, £t

nondimensional radlius of gyration in roll about principsal
longitudinel axis, kg /b

nondimensional radilus of gyration 1n yaw about principal
vertical axis, kg /b

nondimensional radius of gyration in roll about longitudinal
stability axis, (ﬁxozcoszn + Kzozsinzﬁ)l/z

nondimensional radius of gyration in yaw about vertlcal
stability exis, (kzozcoszq + Kxozsinzn)llz

nondimenslonal product-of-inertia parameter,

(onz - Kko%)sin n cos8 7

weight coefficient, W/qS
drag coefficlent, Drag force/qs
lsteral-force coefficient, Lateral force/qS

rolling-moment coefficilent, Rolling moment/qSb
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yawing-moment coefficient, Yawing moment/qSb

effective-dlhedral derivative, rate of change of rolling-
moment coefficient with angle of sideslip, per radian “

directionali~stability derivative, rate of change of yawing-
moment coefficient with angle of sideslip, per radlan

lateral-force derivative, rate of chenge of lateral-force
coefficient with angle of sideslip, per rsdian

damping-in-yaw derlvative, rate of chenge of yawing-moment
coefficient with yawing-snguiar-velocity factor, per
redian

rate of chenge of yawing-moment coefficient wlth rolling-
angular-velocity factor, per radlan :

damping-in-roll derivative, rate of change of rolling-
moment coefficient with rolling-anguler-veloclty factor,
per radlan _ .

rate of change of rolling-moment coefficlent with yawlng-
angular-veloclty factor, per radian -

rate of change of sgide-force coefficlent with angle of
control deflection, per radlan

control geering ratio of autopllot semsitive to transverse
radisns radians
or

£t/sec £t /sec?

veloclty or acceleratlon,

coefficlents of the stability equation

period of oscillation, sec

when positive, time required for a stable motion to damp
to one-half amplitude; when negatlive, time required for
an unsteble motlon to double amplitude; sec

nondimensional time parameter, Vt/b

differential operator, d/dsp
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Subscript:

o

Initial

Towline terms:

T
Cr

towline tension, Drag/cos £, 1b
towline tension coefficlent, Cp/cos ¢

angle between towline and reletive wind, positive when
towline is sbove relative wind, deg (fig. 2)

distance along X-axis from center of gravity of fighter
to towline attachment point, positive forward of center of
gravity, spans (fig. 2)

distance along Z-axis from center of gravity of fighter
to towline attachment polnt, positive above center of
gravity, spens (fig. 2)

sidewlise movement of center of gravity along Y-axis, ft

nondimensional sidewlise movement of center of gravity along
Y-axis, spans

towline length, spans

rate of change of lateral force caused by towline tension
with sidewlse displacement

rate of change of lateral force caused by towline tension
with angle of yaw

rate of change of laterasl force caused by towline tension
with angle of bank

rate of change of yawing moment caused by towline tension
with sidewise displacement

rate of change of yawing moment caused by towline tension
with angle of yaw

rate of change of yawing moment caused by towllne tension
with angle of bank

rate of chenge of rolling moment caused by towline tension
with sidewise displacement
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TIW rate of change of rolling moment caused by towline tension
with angle of yaw '
T1¢ rate of change of rolling moment caused by towline tension R

with angle of bank

ANALYSTS

Equatlons of Motion

The equations of motion for the lateral motlon of a towed alrplane
have been derived In references 1 and 2, end the characteristic equea-~
tion of the lateral motion has been shown to be of sixth degree. The
assumptions and the methods of derivation used in references 1l and 2
are similar. The fundamental assumptions are that the disturbance of
the motion of the towing airplane 1s negligible, that the disturbed
motion of the towed airplene 1s small enough to permiit the equatioms
of motion to be linearized, and that the dynamlc properties of the
towline mey be neglected. .

Except for differences in notation and seversal typographical errors, ~
the equations of motion used In references 1 and 2 are essentially the
same. The notation used In the present paper ls that of reference 2,
and the slight discrepancies between the equetlions here presented and
those of reference 2 arise from the previously mentioned typographical
errors. The nondimensional equations of motion in sideslip, yaw, and
roll for small disturbances from level flight may be written as follows:

(21002 - Cy Py - Tyy.)B + (?_.u-b]}bz - Ty P - Tyy,)ﬂr - (cw + Ty¢)Db¢ = DpCy

(1)

-(CnBDb + Tnyn)B + (aleZZDb3 - %CnrDbz - TnPp = Tnyr)ﬂr +

(2utzdo® - § oD - Tog)Du = DeCn | (2)
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-(CZBDb + szt>ﬂ + (Zu'besz3 - %CZrDbz - TZ\J‘I’Db - szl)\k +
(%ubeszz - 5 G Dy - Tlé>Db¢ = DyCy (3)

The towline derivatives (Tyy;, Tyw, etc;) which occur in these

equations are defined in terms of the towline temnslon coefficient OCp,

the towline length 1, the coordinates x and 2z of the towline con-
nection point in the stabllity system of axes, and the towline inclina-
tion € with respect to the undisturbed velocity. The towline param-
eters are shown in figure 2. All lengths are given nondimensionslly
in wing spans.

The tension coefficient is given 1in terms of the drag coefficlent
and the towline inclinstlon as

Op = -2 (ha)

Moreover, the welght coefficlent Cy E%- is not the same s the 1ift -

coefficient when ¢ # O, since there is a vertical tension force in
this case. The proper reletion 1s

Cp sin { = Cy - Cg, (¥p)

The usual relation for level flight, Cp = Cy, 1s valid whemn &t =o0.

The towline derivatives are expressed in terms of towline parameters
as follows:

Tyy=- (5)

(6)
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T-Lyx = ZTyy' = = %T" ’ (7)
Tyw = -CT(% + cos C) (8)
T, = XTy, = X + cos ) (9)
n-q, = y'w- - -xOI'(i‘ C
TI* = ZTYW = -zGT(§ + cos g) (10)
Tyg = -cT(:— + sin g) (11)
Tn¢ = xTy¢ = ~xCp % + sin g) (12)
_ _ 2
Tig = Tyg = -ch(Z— + sin g) (13)

Here x 18 positlve when the connection 18 ahead of the center of
gravity, =z 18 positive sbove the center of gravity, and £ is posi-
tive when the cable is inclined up (towing airplane higher than the
towed airplane). :

Characteristic BEquation and Chareacteristic Modes

The characteristic equation corresponding to equations (1), (2),
and (3) seems to be of eighth degree wlth no constent coefficient (that
is, one root is identicaelly zero). However, by means of the definitions
cf the towline derivatives, 1t can be shown that the first power term
in D, also vanishes identically. These two zero roots have been
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introduced by differentiating each equation once, and the characteristic
equation is therefore actually of sixth degree. This equation has the
form .

D0 + a5D,5 + A Y 4 AsDp3 + AzD2 + ADy, + Ag = O (1k)

The expressions for the coefficlents of this equation are given in the
appendix.

As discussed in part IV of reference 1, the new characteristic mode,
which is introduced when the latersl characteristic equation of fourth
degree for the free airplane is increased to sixth degree by the addi-
tion of the towline, is an oscillation. The free lateral oscillation,
generally called the Dutch roll, and the heavily damped aperiodlc mode,
generally called the demping-in-roll mode, usually remain practically
unchanged when the towline 1s added. However, the ususl 1ightly demped
aperiodic mode, generally called the splral mode, is very strongly
affected by the addition of the towline. In fact, it seems thet, when'
the towline 18 added, the splral mode for the free airplane is usually
replaced by a comblnstion of the new oscillation and sn apericdlc mode
which may be heavily damped.

The new osclllation will be called the towline oscillation. It
should be remembered, however, that this 1s an airplane motlion, not a
towline motion. PFPhysically, this oscillation appears to be caused by
the tension force in the towline, which tends to return the airplamne
to equilibrium when the point of attachment undergoes a latersl displace-
ment. The closely related aperiodic mode will be called the towline
aperiodic mode. The relation between the towline modes and the free
spiral mode may be explained by considering the coefficient Ag of
equation (14). The magnitude of this coefficlent is a measure of the
total damping of the system. As can be seen in the eppendix, however,
this coefficient does not contain any towline terms; that 18, the total
damping of the characteristic modes is the same for the free or towed
alrplane. §Since the Dutch roll and dasmping in roll are ususlly little
affected by the addition of the towline, the damping of the spiral mode
must be shared by the two towline modes. Since the free-sirplane splral
mode has little demping, however, 1t follows that when the towline
aperiodic mode is heavily demped, the towline osclllation will be corre-
spondingly unstable.

Necessity for Calculating Motlons

There 1s a theoretical obJjection to placlng too much rellance on
the characteristic roots alone. In setting up the equations of motion,
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the assumption of small motions wes used 1n order to obtaln linear equa-
tions. Roughly, this assumption may be sald to requlre that the angle
between the towline and the steady-state flight dlrection may be used

to replace the sine of the angle in additlon to the ususl requirements
for the motion of a free alrplane. The sine of an angle is approxi-
mately equal to the angle up to about ﬁ/6 redians. Thus, the assump-
tion requires that the sidewlse displacement of the towed airplane become
no larger then half the towline length. For motions of this magnitude,
the characteristic roots and calculeted motions obtained from the line
earized equations of motion may be considered spproximately correct.
However, the magnltude of the sldewlse motion cleasrly depends on the
type and megnitude of disturbance assumed (that is, the applied forces
and initisl conditions). In analyzing any type of stabilization method,
1t is therefore necessary to calculate not only the characteristlc roots
but also actual motions followlng reasconable types of disturbances. If
the sldewise displacement is calculated to be greater than half the
towline length or if any other degree of_freedom becomes too large, the
whole anslysis is of doubtful valldity since the motlons contradiect the
assumptions used to calculate them.

Three types of dlsturbance were consldered in obtalning the motions
for the stabllization devices considered. These dilisturbances corresponded
to a 2° rudder kick held for 1 second, an initiel sideslip engle of 2°
(which corresponds to an_initial sidewise velocity of apgroximately
35 mph), and an initial yawed position in which Vo = -5 and fg = 59,
The cholce of the types and magnitudes of the disturbances was rather
arbitrary, but it is felt that they glive a reasonably accurate repre-
sentation of the types of disturbance which might occur. The 2° rudder
kick, held for 1 second, 1s clearly a reasonable type of disturbance,
since 1t i1s the type that a pllot would probably use In testing the
stabllity of the towed airplane. For this reason, most of the emphsasis
wlill be on this disturbance, and the other motlons wlll be used chiefly
for comparison. All motions were obtalned by use of a Reeves Electroniec
Anslog Computer.

RESULTS

No attempt is made in the present paper to carry out a thorough
investigation of any particular method of stabilizing the lateral
motion of a towed fighter airplene. Rather is this a preliminary
investigation, whose chief purpose is to find and compare roughly sev-
eral possible methods of stabilization so that the way may be open for
further research into the more promising methods. Therefore only a
single flight condition of a hypothetical fighter will be chosen as the
basic alrplene configuration which is being towed. Various methods
will be investigated for stebilizing this basic condition without

m
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considering whether these methods would be effectlve 1n other flight

conditions. There is, however, no obvious reason why a method which

1s effective in stabilizing this typical flight conditlon would not

also be effective 1n other f£fllght conditions or for other airplanes.

In particuler, since the previocus research on towed gliders hasgs empha-

sized the fact that for increased relative-density parameter py the

lateral stabllity tends to decrease, the methods which appear effective

in stabillzing the towed fighter, which has high Ky, should also

be effective when applied to gliders. _
The mass and aerodynemic parameters of the hypothetical fighter

ere given in table I. The corresponding charecteristic modes are pre-

sented In the first row of table II. It should be noted that the splral

mode is very slightly stable.

Influence of Towline Parameters

Before the use of automatic controls was investigated, the possi-
bility of stabililizing the conflguration by verying towline parameters
only was considered. The firast step was to investigete the effect of
attaching the towline to the fighter in some simple mamner. It
was sssumed that the towline was attached to the nose of the airplane,
and ¢ = O was chosen in order to obtain the simple relation Cp = Cy.
As a reasonable basic length for the towline, 1 = 1,000 feet (26 spans)
was assumed. The angle of attack calculated for level flight was
o = 2.4°. In the stability system of axes, the corresponding connec-
tion point (comnection at the nose) was z = 0.022 span and x = 0.52 span.
This case, then, was assumed as the basic cese in vhich vaerious parameters
might be varied in an attempt to obtain stability.

Effect of towline parasmeters on characteristlc modes.- To obtaln
the charscteristic modes, the required parsmeters were inserted into
the expressions for the coefficients gilven in the eppendix, and the
roots of the characteristic sextic were obtained. The corresponding
characteristic modes for the basic case are glven in row 2 of table ITI.
Comparison of these modes with those of the airplane alone reveals that
the Dutch roll mode snd the damping-in-roll mode are scarcely changed.
The towline aperiodic mode 1s very stable, and the towline oscillation
is correspondingly unstable. As was previously pointed out, the reason
for this distribution of damping 1s that the. total towline-mode damping
must equal the splrael deamping when the Dutch roll and damping in roll
are not appreciebly changed by the towline.

The first parameter to be varied was the towline length. Rows 3,
4, 5, end 6 of table II show the characteristic modes for 1 = 2.6, 13,
130, and « (in spane), respectively. The period and damping of the
towline oscillation both lncrease with length. The most interesting
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result is that Inereasing towline length has a stebllizing effect on the
towline oscillation, and for infinite length the motion is stable. Even
for 5,000 feet (1 = 130 spans), however, the towline oscillation is

st11l unstable, so that it would appear impractical to attempt to achleve
stabllity simply by increasing the towline length.

Another method for stabllizing the towline oscillation is suggested
by the form of the constant coeffleclent Ag in the sppendix. If varying
the towline parameters has little effect on the Dutch roll or dampling-
in-roll modes, then the damping of the towline oscillation should be
improved if the towline parameters can be varied so as to decrease the
towline aperiodic damping. This possibllity follows from the fact that
the sum of the towline dempings is approximstely equal to the spiral
demping. From the form of Ag 1t 1s clear that Ap must vanish when

% = EEE. It follows that this conditlon should glve a stable oscllla-

n

B

tion, since vanishing Ap corresponds to a neutrally stable towline
aperiodic mode. The value z = -0.0805 span makes Ag = O. Row 7 of
table II shows the characteristic modes for =z = -0.0804 span, and the
predicted stabllity for the towline oscillation 1s seen to occur. It
is Interesting to note that the characteristic modes of this conflgura-
tion are very similar to those of the basic case with infinite length.

The case of 2z = -0.0804 span corresponds to an attachment point
somevhat less than 4 feet down from the nose. The characteristic
modes obtalned with this attachment point indicate that the lsteral
staebility would be reasonably satisfactory. The Dutch roll oscilllation
and the damping~in-roll mode are practically unchanged from those of
the free airplane; and the lightly damped long-period ocscillation, in
combinstion with the lightly damped aperiodic mode, would probably
have mmch the same effect as the original 1ightly demped splral mode.
However, 1t will be shown that the attaimment of stebility by this
adjustment of z 1s impractical because of the extreme sensitivity of
the gtablility to changes in z.

Previous unpublished experimental results had indicated that large
positive values of 2z for the attachment polnt hed given a steble
configuration. In order to investligate this possibility, the coeffl-
cients of the characteristlic equation were written as functions of 1z,
and Routh's discriminant for thils equation was obtained as a function
of z. An anaslysie of the roots of Routh's discriminant indicated
that the towline oscillation would become unstable for velues of =z
above -0.0796 span but would become stable again at values of =z
between 2.3T4 spens and 3.851 spans. The characteristic modes were
obtained for =z = 2.5 gpans and 2z = 3.0 spans &and were found to be
gsatisfactory. Row 8 of table II shows the characteristic modes for
z = 3.0 spans. Although there 18 a large range of positive z +values
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which give stebllity, this range occurs at values of 2z which are
Impractically large, since almost a 90-foot mast would be required.

The steble range of negative =z +values, on the other hand, occurs
at reasonably small vealues. However, since the real mode is unstable
at values of z below z = -0.0805 spsen and the towline oscillation
is unsteble for wvalues above 2z = -0.0796 span, the steble range is
only 0.4 inch. This stable range for negative =z is too narrow to be
practical. There is, therefore, no practical range of 2z values which
yields a stable configuration for the present casé. Some possibllity
exists, however, that the other paremeters, for exemple, ¢, might be
adjusted to mske the stable z range more practical.

Unlike the small negdtive value of 2z wused to obtaln stability,
the large positive values seem to have a considersble effect on the
Dutch roll and demping-in-roll modes. No attempt was made to analyze
these effects, since the total motion was stable.

Previous investigators (for example, ref. 1) have mentioned that
attaching the ceble at the center of grevity usually gives a stable
configuration. Although 1t would be Impossible to attach the cable
exactly at the center of gravity, it might be practicael to use an
attachment point near the center of grevity. The characterlstic roots
that correspond to a connection at the center of gravity are shown in
row 9 of table II. The Dutch roll and damping-in-roll modes are prac-
tically unchanged from those of the free aslrplsne and the long-period,
lightly damped towline mode is very little different from the lightly
damped spiral mode of the free alrplene. It is interesting to note
that the case of the center-of-gravity connection, the case of 1 = «,
and the case of 2z = -0.0805 span all glve a fifth-degree equation,
regther than the usual sixth-degree equatlon; and these three cases 8lso
are all steble.

In a more thorough investigation it would be desireble to inves-
tigate the effect of varying . However, because of the extremely
large number of varisbles which could be considered in attempting to
improve the stabllity of the towed fighter, 1t was necessary almost
arbltrarily to choose certain verisbles on which to concentrate in a
preliminary analysis, The investigation of the variation of { would
have required the calculation of meny more cases. Moreover, since large
values of { would cause increased ceble drag et high speed and since
there was no vbvious reason why extremely favorable results should be
obtained by varying §, no such variation was congidered. The results
of rows T, 8, and 9 in teble IT are sufficient to establish the fact
that it is theoretically possible to obtain complete stabllity with
adjustment of towline parameters only.

Calculated motions.- For comparison, the motions of a free alirplane
subsequent to the three types of disturbance are shown in figure 3. The
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motions in sideslip, sidewise displacement, and benk angle are presented.
Although the sldewlise displacement is of no Importance in a steblility
analysis of a free alrplane, the tendency to sidewlise displacement
becomes importent when the alrplane 1s being towed. The disturbance
consisting of an initial sildewlse velocity (fig. 3(b)) gives the largest
sidewlise motion, as might be expected. The motion called sidewise
displacement, denoted by the symbol y on the figures, is actuslly

V‘/h(w + B)dt, and would more accurately be called the transverse dis-

placement. For small angles of bank thls can be seen to bé essentially
sidewlise motion. However, the direction of this motion actually makes
an angle ¢ with the horizontal at any instant, so that a varying
amount of gravity force 1s applled along the direction of this motion
dependling on the angle of bank. This 1s the Cy +term in equation (1).
The importance of this term willl eppeer in later discussion.

Motions were next obtalned for the bagic case of a nose attachment.
These are presented in figure 4. The presence of the Dutech roll mode
and the highly unstable towline oscillstion predicted in table IT,
row 2, is evident. As usual, there is very little of the Dutch roll
mode in the transverse displacement. The transverse displacement
seems to be determined mainly by the characteristic towline oscil-
Jation. The rolling motion also depends strongly on the character-
istic towline oscillation, particularly in the response to a sideslip
disturbance.

Figures 5(a) and 5(b) show the responses to the rudder kick and
sideslip dlsturbance, respectively, when the point of attachment is at
z = -0.080k span. Since the third initial condition (¥g = -5° and
Bo = 5°) consistently shows smaller motions than the other two, it will
be lgnored 1n future considerations. As predicted, the towline oscil-
lation is stable, and this long-period oscillation would probably not
be very troublesome to & pllot. It secems significent that this proper
choice of 2z for stablllty causes an enormous decrease in . the relative
amount of rolling motion present In the towline oscilletion.

The motions which have been presented seem to indicate that the
lateral towline oscillation is essentially a trensverse oscillation of
the whole alrplane, in which, however, the rolling motion snd rolling
moments mey be important. The motion in figure 4(b) is not correct for
the large bank angles, but this fact is not important since it is
gufficlent to know that extreme instability end a tendency to very
large bank angles exist in thils case. '

Effects of Modifying Stabllity Derivatives by Automatice Control

Variation of C3, ‘to increase spiral damping.- It seemed reasonable
to suspect that the smallness of the stable range of negative values of =z
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arose from the fact that the desmping of the free-airplane spiral mode
wag very small. The demping of the spiral mode may be increased by
making Ci, more negative, as shown in reference 3. This type of Ci,

variation would tend to have an adverse effect on the Dutch roll damping,
but this could be taken care of by simultaneously meking Cp, more

negative. 8Such an autopllot would feed yaw-rate signaels to both rudder
and ailerons. In this work it was always assumed that the autopilots
had no lags, so that the effect of the sutopilot is consldered simply
as a modification of the stability derivatives.

Incremente in both stability derivatives were considered in the
viecinity of the value -1.5. Although there was a considerable Iincrease
in the amount of demping of the towline modes, no significant increase
in the range of negative values of 2z giving a gstable configuration
was found. For this reason the detailed results are not presented,

Consideration of towline oscillation as an osclllation in transverse
displacement.~ The calculated motions seemed to indicate that the towline
‘ogcillation contained a good deal of transverse displacement of the whole
alrplane and & large amount of rolling motion. The cholce of 2z which
tended to increase the damping of the towline oscillation also greatly
decreased the smount of rolling motion. If the towline oscillliation is
considered to be primarily an oscillation in transverse dlsplacement,
then the velocity of the equivalent oscillator 1s the transverse veloc-
ity V¥ + B). To damp the osclllator it is necessary to introduce a
control-surface defiection which opposes the transverse motion and is
proportional to the transverse velocity. It would seem reasonable to
uge a rudder-type control surface to oppose the transverse motion.
Usually only the yawing moment caused by such a control is consildered
and the side force is ignored. The importance of lateral displacement
in developlng towline forces, however, makes it desirable to consider
the side force developed by the control surface in the present problem.
In order to determine whether the side force developed by deflecting
the control surface could have an importent effect on the stebllity,
only side fortes were assumed to be obtained from the control surface.

The control equation 1s
8 = KVv(¥ + B) (15)

The input for such an autopilot could be obtained by Integrating the
signal from a lateral accelerometer. When only side forces are con-
sidered, a term CyanG is included on the right-hend side of egua-

tion (l). In order to avold the necessity of estimsting a value of
CYS for the control surface, the parameter CY55 was plotted instead

of 8. From equetion (15), if K' = KVCy,, then
Cygd = K'(¥ + B) (16)
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Row 10, teble II, shows the charscteristic modes when thle type of
autopilot is applied to the basic configuration with K' = -1.92. A
comparison of these modes with those of the basic case indlcates that
both the oscillatory and aperliodic towline modes have better stabllity,
but the osclllatory towline mode 1s still unstable. As iIn the basic
cage, this instability could be removed by adjusting z. Row 11,
table II, glves the characteristic modes with this autopilot and
z = -0.0805 span. The towline oscillation is very stable and its period
is very long. These resulte indicate that control gide force alone can
have an important effect on the stabllity and should therefore be
included 1in considering any autopllot. Because of the desirable nature
of the characteristic modes, 1t wag decided to celculate motiones with
the slde-~force automatic control. Motions were cbitalned for several
values of z and K', and the parameter CY55 was plotted in addition

to the other variables. In thls way, 1t could be determined whether
the necessary values of K' required too large © motions for reason-
able values of CYS and, also, whether & reasonable range of 2z values

could be used.

The motion for K' = -1.92 end z = -0.0804 span 1is shown in fig-
ure 6. Figure 6(a) shows the response to the rudder kick, and figure 6(b)
shows the response to initisel sideslip. The towline oscillation is practi-
cally deadbest. To cobtain the value of & (in degrees) at any time,
it is necessary to divide the value of CY55 by the value of GYa

(per radian) of the control surface. From figure 6(a), if the magnitude
of Cy5 is 0.02, then the maximum magnitude of & is less than 20°.

Since it is reasonable to expect that control surfaces with |CY5[2 0.02

can be used, the required gain does not cali for excessive control
deflection. For the initial sideslip, on the other hand, figure 6(Db)
shows that large values of transverse displacement and control deflec-
tion occur. In actusl flight, however, it seems doubtful that such
large sideslip veloclities would suddenly occur as are assumed in this
initial ccnditlion. Moreover, the motions develop so slowly that it is
probable that the pllot could take corrective action before the motions
became too large. In the subsequent figures only the response to the
rudder kick is shown, since this 1s clearly a physically realistic
disturbance. In every case the sidesllp response gives rlse to larger
motions, such as are shown in figure 6(b).

The motion following & rudder kick for z = -0.07L40 span and
K' = -1.92 1is shown in figure 7. Although the very long period oscil-
lation i1s now notlceasble, the motion is clearly stable and satisfactory.
This motion corresponds to a change of 3 inches I1n the value of z from
that used for the motions in figure 6. In figure 8 the motion is shown
when 2z has been changed by 1 foot, to z = -0.0544 span. Although the
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towline oscillatlion is neutrally stable, it would probably be easily
controllable because of its long period. It therefore seems that this
large autopilot galn would glve adequate stabllity for a range of

z values of approximately 1 fooct, which is a practicaliy useful range.
Although a control surface which gives only side force is clearly
impractical, 1t may be approximasted by placing the control as near the
center of gravity as possible. The small moments caused by the control
mey then be chosen so that they do not decrease the stability.

When the magnitude of K' wes reduced, the principal effects were
a decrease In towline osclllation stabllity and a slight decrease in
control motion. For K' = -1.0 the towline oscillation was still
rather stable et 2z = -0.07T40 span. For K' = -0.5 the oscillation
was neutrally steble at z = -0.0740 span. For this smsller gain, the
stable range of 2z has decreased to 3 Inches. 8Since no significant
changes 1n the motion occurred other than those mentloned, the motions
are not shown.

The investigation of the automatic control which applled side force
only was begun mainly to see whether the side force developed by =a
rudder-type control surface might have an important effeet on the sta-
bility. It was extended because of the desirable type of towline oscil-
lgtion which resulted from this type of control. In considering the
effect of both yawlng moment and side force of the control surface on
the stabllity of the towline oscillation, calculations were made by a
method of slopes similar to that described in reference 4. The calcu-
lations indicated that a forwerd position of the control surface would
be desirable. The control surface was therefore assumed to be at the
nose. If the control surface 1s assumed to be beldw the nose, the
control rolling moment 1s practically zerc. This assumption was made
for simplicity. The control yewing moment was introduced into the

1
equations of motion by adding a term T%-CYBDbS on the right-hand side

of the yaw equation, where 1, 1s the distance along the X-axis between

the control surface and the center of gravity. Otherwise, the equations
of motion are the same as those for the side-force control.

The characteristic modes resulting from the use of thls autopilot
in the basic configuration are shown in row 12 of table II. The towline
oscillation 1s very stable, but two undesirable effects are apparent:
The pericd of the towline oscillation is greatly decreased and the
damping of the Dutch roll mode is decreased. The damping of the Dutch
roll mode msey be improved by sn ordinery yaw-damper. However, the
decrease of the towline osclllation pericd could cause seriocus diffi-
culties 1f this perliod came close to the period of the charsascteristic
lateral oscillation of the bomber. In this event, relatively large
bomber motions might result, and the assumption that the dynamics of
the bomber mey be neglected would break down. To determine whether the
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effect of the homber motion would be harmful or beneficlal to the total
gtability would require a more complicated analysis. In the present
raper 1t is only desired to point out that when the present analysis
glves an oscillatory mode with & period close to that of the bomber,
the validlty of the whole asnaslysis becomes doubtful.

By assuming that the bomber motion is not of sufficient importance
to invalidate the analysis, motlions were obltalned with this autopilot.
The motion in figure 9 is for K' = -1.92 and z = 0.022 span, subse-
quent to & rudder kick. The motion obtained with this autopilot is
not only stable but also has the deslrsble property that its magnitude
is quite smell. Figure 10 shows -the motions for the same autopllot for
towline connection at z = -0.080hk span. It is interesting to observe
that the motion is almost identical wlth that shown in figure 9. Thus,
this autopilot seems to have the very deslrable property that its effect
depends very little on the towline attachment point.

The motion in figure 11 is for a nose attachment with K' = -1,0.
Comparison with figure 9 shows that the decrease of gearing ratio results
in a decreease of demping for the towline oscillation and an incresse in
pericd. The motion for = -0.0804 with K' = -1.0 is almost
identical with that shown in figure 11 for the nose connection, and is
therefore not shown.

Stabilization by roll control.- It has been shown that the stability
of the towllne oscillation could be improved simply by adjusting z.
The variation of 2z causes a varlation of the rolling moment caused by
the towline. It might therefore be surmised that an sileron-type auto-
matic control might improve the stability of the towline oscillation.
Moreover, as has previously been mentioned, there is often a good deal
of rolling in the towline osclllation. This oscillatory variation of
angle of bank causes an osclllatory varistion of the transverse component
of the weight. The phase relation between this oscillatory transverse
force and the transvefrse displacement can clearly be very important in
determining the magnitude of this displacement. Therefore the proper
type of roll control might also be effective in reducing the magnitude
of the towline oscililation.

The orliglinsl plans for this preliminary anslysls did not include
an. investigation of roll controlis, since several different types would
have to be considered. However, some unpublished experimental work had
shown that it was possible to stabilize a free-flying model, which was
fastened in a wind tunnel by & simple cable, when an autopilot providing
rolling moments proportional to angle of bank was used. Unpublished
experimental results for zer9 towline length had also indicated that
spring restraint in roll stebilized the lateral motion. It was there-
fore decided to Investigate the effect of an autopllot which would
provide a rolling moment proportional to angle of bank.
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The characterlstic modes obtalined with such an sutopllot were calcu-
lated by assuming increments in T1¢. The increments used were -0.015,

-0.025, ~0.050, and -0.100. Within this renge the system was stable and
the veriation of the autopllot effectlveness caused little significant
change in the characteristics of the system. Rows 13 and 14 of table II
show the characteristic roots for lncrements Al = ~-0.015 and

AT1¢ = -0.100, respectively. The chaxracteristic roots for ATl;; = -0.050

were obtained for both the basic case (z = 0.022 span) and the case of
z = -0.0804 span. The roots were found to be practically ldentical.

The motions for AT, , = ~0.025 end AT, = -0.050 are presented

in figures 12 and 13, respectively. There is little change in the type
of motion when the autopilot effectiveness is doubled. Although the
towline oscillation is only slightly stable, the pericd is so long and
the motion (in response to the l-second, 2° rudder kick) is so small
that this type of control seems to be very satisfactory. No &-motion
was obtained in this case because the Increments in T;y assumed can

be shown to require only smsll control deflections. The autopllot
aessumed here would deflect an alleron-type auxiliary surfece proportion-
ately to the sngle of bank as obtained from a posltlon gyro or by inte-
gration of a roll-rate gyro signal.

Some of the apparent advantages of this type of control are: small
autopilot power required, small motions in respomnse to disturbances,
long-period towline oscllilstion, possibility of improving the Dutch roll
stabllity, and lack of sensltivity to changes in gearing retio of the
autopilot or point of towline attachment.

DISCUSSIONR OF RESULTS

The results obtained by conslidering the variation of towline
parameters are generally In gqualitative agreement with the results of
previous investigatlions on towed gliders. The stabilizing effect of
increased towline length or attachment near the center of gravity has
long been known for towed gliders. The use of a bridle-type connection,
attached to both sides of the fuselage at x =z = 0, would seem to be
a practical method of approximating a center-of-gravity attachment.

This method of stabilization seems to merit further research.

For the nose attachment, the calculatgd motion“shows that the
unstable towline oseillation 1s a violent swooping +type of ocsecilla-
tion, involving a large amount of rolling of the airplsne. A% the
extreme values of sldewise displacement the angle of bank is practically
zero, and it has meximum magnitude when the sidewise displacement is
near zero. It is interesting to note that the bank introduces a welght
force in the proper phase to augment the motion.
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C
Apparently, the adjustment of the z/x ratio so that % = EEE
n
causes some sort of balance between the towllne forces and serodynamic
forces which tends to keep the rolling motion small. The adjustment
of z/x makes it poseible to distribute the damping of the towline
aperlodic and oscillgtory modes. Although the mathematical reason for
this is fairly clear, the physical reason is rather obscure. The
physical reagson for the stabilizing effect of large 2z values is
probaebly the introduction of relatively large negative values of T1¢-

This would indicate that using a large inclination angle ¢ might make
this type of stabllization possible with smaller =z values. (See _
equation (13).). Also, the use of positive vaelues of =z for stabiliza-
tlon might be relatively more effective at shorter csble lengths. In
this case, however, 1t is necessary to conslider that the decrease in
cable length itself has a somewhat destabllizing effect.

The physical reason for the effectiveness of the sutopilots which
apply some sort of restoring force or moment, or both, proportional to
sldewise velocity is falrly clear. Both the autopilot which applies
side force only and that which includes yawing moments seem to provide
possible practical methods of stebllization. If the side-force auto-
pllot 1is used, 1t will probably be necessary to adjust the z/x ratio
also. The rudder-type control seems more practical and it does not
require the z/x adjustment. In this case, however, the possible
effects of the short period of the towline oscillation must be considered.
Because of the large change in towline oscillation period caused by
this gsutopilot, there is reason to belleve that a phsse-shift network
which Introduces some phase lead into the activating signal of the
autopilot would be beneficial. If the towllne oscillation 1s considered
as en independent oscillator, then it would seem that the restoring
force epplied by the sutopilot 1e not in phase with either the veloeclty
or the displsacement of the oscillator but must instead lie somewhere
between these two since it increases both frequency and dsmping. TFor
this reason, an actlvating signal which leads the sidewise velocity
would seem preferable.

A simple way to check this conjecture seemed to be to obtaln the .
charscteristic roots when an autopllot sensitlve to sldewlise sccelera-
tion was used rather than one sensitive to sidewise velocity. The
characteristic modes for this case were obtained for K' = -1.92 seconds,
and are presented in row 15 of table II. The fact that damping has been
added %o the towline osclllstion while the period has been lengthened
seemg to confirm the physical reasoning that an autopllot which responds
to a signal whose phase is intermediste petween that of the transverse
veloclity and that of the acceleration could improve the damping of the
towline oscillation without shortening its period. Such an autopilot
could be obtaelned by simply replacing the integrating device previously
used with the sccelerometer by a device providing a phase lag somewhere
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between 0° and 90°. Actually, the modes obtained by using the asccelerom-
eter itself would be satisfactory if the calculated motlons are not too
large for the assumptions of linearity.

In consldering the rudder-type autopilot, the rolling moments
caused by the control surfece were neglected. This was possible 1In
the particular case consldered because the center of pressure of the
control surface below the nose would fall almost exactly on the ¥-axis.
In order to obtelin & qualitative idea of the effects of rolling moment
i1n the more genersl case, the method of slopes was applied to investl-
gate the sensitivity of the towline oscillation mode to changes in CZB

and TZ*' When the results are compared wlth the slopes obtalned from

the yawing-moment derivatives, the towline oscilllatory mode appears to
be consldersbly more sensitive to the rolling moment due to sidewlse
velocity than it 1s to the yawlng moment due to sidewise velocity.
Moreover, there is a physicel argument which tends to bear out the con-
clusion that a negative rolling moment due to sidewise velocity should
be effective in stabllizing the towline oscillistion.

In comparing the various motlons presented, it 18 seen that the
motions obteined with the rudder-type autoplilot and the T1¢ autopllot

are smaller in magnitude than any of the motions obtalned with the other
gutopilots. The reason for these small ampllitudes seems to be that the
phase relastion between bank angle and sidewise motion In these two cases
is different from that in any of the other cases. In these two cases
the bank angle is largest near the peaks of the sidewlse motion and 1s
in the proper direction to introduce a welght force opposing this motilon,
whereas 1in the other ceses the bank angle tends to augment the sidewlse
motion, as previously described. In considering the effect of rolling
moment proportlonal to sidewlse veloclty, it can be seen that a negative
rolling moment 1n response to sldewise displecement should tend to
prevent the build-up of the bank angle which would asugment the sidewlse
motion. Since this physical srgument is in agreement wlth the result
predicted by the method of slopes, it appears that in the general case
the rolling moment caused by the control surface should not be neglected.
In fact, the use of an auxiliary surface below the rudder might be very
effective in improving the demping of the towline oscillatiom.

In investigating the effect of rolling moments, 1t was found that
a very small positive increment in CEB would yield a considersble

improvement in the stabllity of the towline oseillation while elso
increasing the period. The reason for this seems to be that z/x for
c

g
an,
which has been shown to be stebilizing, is approached when CZB is given

the nose connection is a smell positive value and the condition % =

—
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a positive Increment. The stabilizing effect of the use of zero CzB

rether than a negative value for towed alrplanes is particularly
interesting because of the recent tendency towsrd smell velues of effec-
tive dihedral. In particular, the use of a bridle connection at the
center of gravity of an airplane for which CIB is zero would seem to

be very promising.

Finally, on the basis of the motlons actually calculated in the
present investigation, the autopilot that provides rolling moments
proportional 1o bank angle geems to glve the most desirable results.
The autopilot is simple, the motions are small, there is littie sensi-
tivity to changes in gearing or point of connectlion, and the towline
oscillation period 1s so long that there seems little doubt of the
validity of the initlial assumptions.

CONCLUDING REMARKS

The lateral motion of a hilgh-speed fighter sirplane towed behind a
high-speed bomber by meens of & single towline is shown to be very
unstable. A number of possible methods for stebllizing the lateral
motion of the towed fighter are presented in this preliminary investiga-
tion. Of the methods presented, the two which show most promise of being
practical require the use of automatic control. One method requires an
autopllot providing aileron deflection proportional to angle of bank,
and the other requires an autopilot-providing deflection of a rudder-
type control surface proportional to a linear combination of transverse
accelergtion and velocity. The possibility of obtaining stabillity by
ad justment of towline parameters only is not dismissed, however. In
particular, the use of a center-of-gravity towline connection merits
further research.

Since previous investigators have shown that the lateral motion
of a towed alrcraft is more dlfficult to stabllize than the longitudinal
motion, the results of this analysis Indicete that the use of a simple
tow cable may be a practical method of increasing the range of & high-
speed fighter. In view of the simplicity of this method in comparison
wlth the other methods which have been tried, a more thorough experi-
mental and anslytical investigation of this method would seem desirable.

Langley Aeronautlical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va.

i
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APPENDIX

EXPRESSTIONS FOR COEFFICIENTS OF THE CHARACTERISTIC EQUATION

FOR THE LATERAL: MOTTION OF A TOWED ATIRPLANE

The coefficient of the highest-degree term in the characteristic
equation is 8%3(KX2KZ2 - KXZZ)- The error introduced by neglecting
the KXZZ term in this expression is negligible. As in reference 1,
the approximation Kx2Kp2 - Kxz? ~ Kx2Ky? will therefore be used. The

characteristic equation is then dlivided through by the leading coeffi-
cient and takes the form given in equation (ik). The expressions for
the coefficients in equation (1l4) then become -

_ OI’CW Z‘CDB - xcls)

A0
B, 31122
__ & 1 . 1
Ay = m E@Y’BCDP - CnBCZP> + zEwan(x +1 cog &) - ?(CWCnr +
CYBCDP)] + xl%(cwczr + CYBCIP) - CWCI,B(X + 1 cos gzl}
Ag = W(Clﬁcnr - CnBCZr> + Cr l@l Cn. - Cn.Cl ) * KXZC -
164, 3Ky 2K, 2 16,31 2K,2 |28 P F PR ( i

KXZCZB) +(z+1sinl)(Cy 0 - C340ny) + (x + 2 cos c)(czscnP -
CagCly) *+ zEmb(Kzch + szcyﬁ) + (2 + 1 sin OfhnCyy + Oy ) -

CypCny(x + 2 cos gil - xE;.nD(KXZCYB + KXZCW)-; (z +1 sin f;)(lmbcz[3 +

cYBch) - cYBczp(x + 1 cos g):l}
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0¥g(CapCly = CnyC1p) + Wb (C1g0np - Cngliy) + SunC(KxzCng - KzZC1p)
= - = +

32,5 Ky 2K 2

Cp
812 1 Ky 2Ky 2

{Z(x + 1 cos g)(szan - szczﬁ) +
2(z + 1 sin g)(KzaczB - KxzCng) + Kz (Cayp + C1,) - ¥¢%n,, - Kz%1,, +
zEx + 1 cos Q)(Cnp + ZKXZC_YB> - (z +1 sin §)(Cnr + ZKZZCYBj__] +

sz + 1 sin (_;)(Czr + ZKXZCY5> - {(x+ 1 cos g)(Czp + ZKXZCYBH}

1

¢ e - onhs) - oty oy + 1)

2 2 2
ZKZ CYBCZP + 2KX CYBcnI‘ + 8|.1'be CnB - BubezCzB:l +

————E%XZKZZ + zEzz(z +1s8int) - I{kz(x + 1 éos gil +
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TABLE I.- MASS AND AERODYNAMIC PARAMETERS OF HIGH~SPEED FIGHTER
USED IN EXAMPLE AND TOWLINE PARAMETERS OF BASIC CASE
ALtEtude, 5 « o v @ & = 4 o 6 v e e e e e e e e e e e e e . . . 50,000

W/S, 10/8d £t + « « v & ¢ « « 4 4 4 4« 4« 4 s s 4 e e 4 i e+ .. 525
< R T T 76

By FE v o v e e e e e e e e e e e e e e e e e e e e e ie .. 38
Py BIUES/CU £L « + « 4 4 4 ¢ 4 et 4 e e s s e e e e . i e < . 0.000361
V, ft/sec . . . 1459.5
¥, deg . . . . 0
CW ¢ v o o o 0.138
CD . . . . - 0.03""
By . . . 117.66
Ky 2 . 0.0125
Ky, 2 0.1376
Kyg, « - . .00L4886
o, deg . . 2.4
€, deg . . . o
M, deg .« . . . . . 2.4
Czp, per radian . =0.3585
C1,, per radian . . 0.0228
Cny, per radiean . =0.051%
Cnp, per radian ' 70{670
GYB, per redian ~0.488
Cnﬁ: per radian 0.241
CIB, per radian _0_0373

Towllne parameters of basic case:
Z, BPANS . « « s « « o ¢ s o « « « o« o o « s o « ¢ < o .« 0.022
Xy BPANS « « « + « ¢+ o s s e s s s 2 e s s s e s s s e e« « «_ 0.52
T, BPEOB .+ + « s o « o & o o v o = o o o & s e s ot 4 s e e 26.0
£, deg T 0

Cp . e et s e e e e e e e e e e et e e s e e i e .. 0.034

“‘!‘;’F’



TABLE II.- CHARACTERTSTIC MODES

Towline oscdllation | PBATEL | Demping Dutch roll

Row Type of syatem
T1/2, sec | P, sec |Ty/a, sec Tl/ﬁ! fen Tl/Z' sec | P, see
1 | Alrplane alone 142 0.307 2.8 1.87
2 | Adrplane with towline (basic) ~5.58 2h.0 2.68 .306 2.86 1.81
3 | 1 = 2.6 gpane (100 £t) -2.56 .k 1.20 310 2.84 1.8
% | 1 =13 spans (500 £t) -4.35 19.3 2.08 307 2.86 1.80
5 | 1 = 130 spans (5,000 ft) -11.1 37.1 5.19 +306 2,86 1,81
6 |1l=a 184 1.5 | =—mae—- 304 2.70 1,80
7 | 1 =26 spans; » = -0.080}4 gpan 16 52.1 567 .307 2.84 1.80-
8 | z = 3.0 spans 15.3 11.3 {?{23?08.522 sec,} .84 1.95
9 | Comnection ab center of gravity 134 70.9 ———— <307 2.80 1.87
10 | 8ide-force autopilot; X' = -1.92 -16.2 7.4 1.73 305 2.5 1.8
11 | 8ide-force autopilot; K' = -1.92; 4,46 L7+ Y Y (R .305 2.86 1.81

£ = =0.0805 ppan I
12 | Rudder-type autopllot; XK' = -1.92 5,32 8.07 21.0 .283 bh.28 1.82
13 | Boll autopilot; ATy = -0.015 110 42.0 {gl@z""sﬁ‘fgﬂ m’} 2.26 1.78
Tl/E o .61k sec,

14 | Roll autopilot; M1¢ = 0,100 126 LU P % 0,500 sec 2.82 1.86
15 | Aceeleration emtopilot; X' = -1.92 sec | -BLO by, 7 1.28 | -367 3.98 1.69
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Figure 1l.- The stablility system of axes. Arrows indlcate positive direc-
tions of moments, forces, snd angles. This system of axes is defined
as an orthogonal system having the origin at the center of gravity and
the Z-axis in the plane of symmetry and perpendiculer to the relative
wind, the X-axis in the plane of symmetry and perpendicular to the
Z~axis, and the Y-axls perpendicular tc the plane of symmetry.
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Figure 2.- High-speed fighter airplane with towline attached.
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(a) Rudder kick, 2° for 1 second.

Figure 3.- Motlons of free sirplane subsequent to three types of disturbance.
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Figure 3.. Continuegd.
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(e) ¥, = -5°; By = 5°.

Figure 3.~ Concluded.
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(a) Rudder kick, 2° for 1 second.

Figure 4.- Motions of airplane with nose attachment of towline (basic case)
subseguent to three types of disturbance.
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Figure 4.- Contimued.
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(e) ¥, = -5°%; B, = 5°.

Figure L4.- Concluded.
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(a) Rudder kick, 2° for 1 second.

Flgure 5.- Motions of sirplane with towline attached to a short mast helow
the nose subsequent to two types of disturbance. 2 = -0.0804% span.
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(b) By = 2°,

Figure 5.- Concluded.
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(a) Rudder kick, 2° for 1 second.

Figure 6.- Motions of airplape with side-force autopilot subseguent to
two types of disturbance. X' = -1.92; z = -0.0804k span.
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(b) By = 2°.

Figure 6.- Concluded. .
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Figure 7.- Motlon of sirplane with plde~force autopilot subsequent to
rudder kick. K' = -1.92; z = -0,0740 spen.
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Figure 8.- Motion of airplanme with side-force autopilot subsequent to

rudder kick. X' = -1.92; =
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Figure 9.~ Motion of airplane with automatically controlled rudder-type
auxiliary control surface at the nose. K' = -1.92; z = 0.022 span;
initial rudder kick. : )
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Figure 10.- Motion of airplane with esutomatically controlled rudder-type
suxiliery control surface at the nose. K' = -1.92; z = -0.080Lk span;
initiel rudder kick.
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Figure 11.- Motion of airplane with antomatically controlled rudder-type

control surfece &t the nose. K' = -1.00; z = 0.022 span; initisl
rudder kick.
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Figure 12.- Motion of alrplane with aileron-type automatic control.
AT3¢ = -0.025; z = 0.022 span; initial rudder kick.
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Figure 13.- Motion of alrplane with alleron-type antomatic control.
ATW = -0.050; z = 0.022 span; 1initial rudder kick. .
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